Introduction
We have recently described mixed Ti/M oxo clusters with divalent metals M (Ca, Sr, Zn, Cd). These clusters have a basic hexanuclear structure that varies according to the size and coordination number of the M 2+ ions. [1] In another series of Ti/M oxo clusters with divalent metals (M = Sr, Pb), crown ether type structures were obtained. [2] The clusters were prepared by the reaction of Ti(OR) 4 with the corresponding metal acetate [M(OAc) 2 ] and methacrylic acid (McOH). The carboxylic acid not only provides carboxylate ligands [Equation (1a)], but also acts as an in situ source of water through its esterification with the eliminated alcohol [Equation (1b)]. Methacrylic acid was initially used to obtain carboxylate-substituted metal oxo clusters that can subsequently polymerize to yield hybrid materials. [3] It turned out, however, that methacrylic acid is particularly well suited to obtaining crystalline clusters. We therefore used methacrylic acid in this work as well, although no subsequent polymerizations were intended.
Ti(OiPr) 4 + McOH Ǟ Ti(OiPr) 4-x 
The charges on the metal atoms as well as the total number of coordination sites must be balanced by the ligands to obtain a stable cluster. [4] 4 and Y(OCH 2 CH 2 OMe) 3 with methacrylic acid, among them Y 2 Ti 4 O 4 (OMc) 14 (HOMc) 2 (Y2Ti4). [5] Because the variance of the ion size of trivalent rare-earth ions is much smaller than that of the divalent metals mentioned above, much more detailed information on the dependence of ion size of a specific cluster structure can be expected. This is the topic of this article. The mixed Ti/Ln clusters were prepared according to [Equation (1c)].
Ti(OiPr) 4-x (OMc) x + Ln(OAc) 3 
Size-dependent structural changes have been found, for example, for Ln(OMes) 3 (OMes = 2,4,6-trimethylphenolate), with the dinuclear species Ln 2 (OMes) 6 (thf) 4 with two bridging OMes ligands observed for the larger ions La and Nd, whereas the mononuclear compounds Ln(OMes) 3 (thf) 3 were found for Sm, Tb, Er, Yb and Y. [6] The metal atoms are six-coordinate in both structures.
A few Ln/Ti oxo/alkoxo clusters are known, but none of them contains ligands other than oxo and alkoxo groups. The structure of K 3 Eu 3 TiO 2 (OtBu) 11 (OMe/OH)(tBuOH) is based on a K 3 Eu 3 O octahedron capped by a K 3 TiO tetrahedron on the K 3 face, [7] and the metal atoms in Sm 4 TiO(OiPr) 14 [8] and (Tb 0.9 Er 0.1 ) 4 TiO(OiPr) 14 [9] form a trigonal bipyramid with an encapsulated μ 5 -oxygen atom.
Although the work reported here involves only structural issues, the mixed Ln/Ti clusters could be interesting precursors for mixed-oxide materials. [10] 
Results and Discussion
In the course of this work we found that Y2Ti4 [5] is also formed when Y(OAc) 3 3 (Ln = Sm, Eu, Gd, Ho), Ti(OiPr) 4 and methacrylic acid with the ratio of Ln(OAc) 3 /Ti(OiPr) 4 ranging from 2:1 to 1:2. The bond lengths and angles of Sm2Ti4, Eu2Ti4, Gd2Ti4 and Ho2Ti4 (as well as Y2Ti4) are almost the same; therefore, only those of Eu2Ti4 are discussed exemplarily. The Ln atom in the Ln2Ti4 structures shows positional disorder with 66:34 occupancy, Eu1A is shifted relative to the Eu1 position by 0.247(7) Å. 4 (μ 2 -OMc) 12 (η 1 -OMc) 2 , it is likely that the hydrogen atom is closer to O16. We pointed out earlier that the combination of an η 1 and a neutral proton-donating ligand connected through a hydrogen bond (Scheme 1) is structurally equivalent to a monoanionic bidentate ligand. [11] Due to the octahedral coordination of Ti, chelating carboxylate ligands are extremely rare. Such coordination would cause too large a distortion of the Ti coordination sphere. Figure 2 ). This type of cluster was also obtained for Ln = Sm (Sm2Ti6) when the reaction mixture with a Ti/Sm precursor ratio of 2:1 was heated at 80°C. The centrosymmetric clusters La2Ti6, Ce2Ti6, Nd2Ti6 and Sm2Ti6 are again isomorphous and isostructural; the structural parameters will therefore only be discussed for La2Ti6. In this cluster, the Ln atoms also show positional disorder with a 85:15 occupancy and an La1-La1A distance of 0.27(3) Å.
The The metal atoms are connected through six μ 3 -oxygen atoms, one (O1) connecting Ln, LnЈ and Ti1, the second Ln, Ti1 and Ti2, and the third Ln, Ti2 and Ti3. The La1-O3 distance is relatively long [3.045(3) Å compared with La1-O1 2.538(3), La1-O1Ј 2.552(3), La1-O2 2.526(3) Å], and therefore it can be debated whether O3 is a μ 3 -oxygen atom with a very long La-O distance (and nine-coordinate Ln) or a μ 2 -oxygen atom with a short La-O contact (and eight-coordinate Ln). The Ti-O bond lengths also differ widely. Each Ti atom has one very short bond to a core oxygen atom [Ti1-O1 1.705(3), Ti2-O2 1.743(3), Ti3-O3 1.742(3) Å], but the Ti1-O2 and Ti2-O3 bonds are more than 0.2 Å longer [Ti1-O2 1.987(3). Ti2-O3 1.976(3) Å].
The same calculation as above shows that 18 mononegative bidentate ligands are required to balance the 30 positive charges of the metal atoms and the 36 remaining coordination sites of the Ln 2 Ti 6 O 6 core (again assuming six-coordinate Ti atoms and eight-coordinate Ln atoms). As discussed above, and for the same reason, two of the OMc ligands (at Ti3 and Ti3Ј) are only η The reaction of Ln(OAc) 3 (Ln = La, Ce), Ti(OiPr) 4 and methacrylic acid with a higher proportion of Ti(OiPr) 4 than that used for the preparation of La2Ti6 or Ce2Ti6 resulted in the formation of LnTi 4 O 3 (OiPr) 2 (OMc) 11 (LaTi4 and CeTi4, Figure 3 ). The clusters are isomorphous and isostructural, and therefore the bond lengths and angles will only be discussed for LaTi4. Crystals of LnTi4 contain two independent clusters in the asymmetric unit (atom labels La1/Ti1-Ti4 and La2/Ti5-Ti8, respectively). One of them shows disorder of the central Ln atom and one Ti atom (70:30 occupancy). La2A is shifted by 0.262(5) Å from the original La2 position towards Ti8, which is also disordered [Ti8-Ti8A 0.412(8) Å]. This also affects the OMc ligands bridging La2/Ti8 and Ti5/Ti6, as well as the terminal OiPr group on Ti8 and the second OiPr group on Ti5. Apart from this disorder the two clusters are equivalent in composition and coordination. Contrary to the structures of Ln2Ti4 and Ln2Ti6, the cluster core of LnTi4 contains only one Ln atom, which is surrounded by a semicircle of four [TiO 6 ] octahedra (Figure 3) . The La distances to the two terminal, edge-sharing Ti atoms Ti1 and Ti4 are much longer than those to the central, face-sharing Ti atoms [La1- The Ln atom is also connected to the Ti atoms through OMc bridges. This results in an overall coordination number of nine for Ln. The coordination polyhedron can be described as a square-faced monocapped antiprism (SAPRS-9). [12] The 
Conclusions
The cluster structures described in this article show a clear correlation with the ionic radii of the trivalent metal atom (see Table 1 ). Clusters with the composition Ln 2 Ti 4 O 4 (OMc) 14 (HOMc) 2 (Ln2Ti4) were formed with the smaller ions (ion radii 1.02-1.08 Å), and clusters with the composition Ln 2 Ti 6 O 6 (OiPr) 2 (OMc) 16 (HOMc) 2 (Ln2Ti6) were formed with the larger ions (ion radii 1.08-1.16 Å for coordination number 8). Sm with a radius of 1.08 Å is a borderline case as both clusters can be formed. The increasing ion radii are also reflected in the increasing M-O bond lengths. The comparison shows that small variations in the ion radii of the second metal may result in different structures of the M/Ti mixed-metal clusters.
The larger ions allow coordination of an additional [TiO 6 ] unit (with concomitant partial rearrangement of the ligand sphere). An increase in the ion radii is of course closely associated with the ability to increase the coordination number of the metal. Although the Ln atom in Ln2Ti4 is clearly eight-coordinate, that in Ln2Ti6 is between eightand nine-coordinate (eight stronger Ln-O bonds and one weak interaction). This is also seen for the alternatively formed clusters LaTi 4 O 3 (OiPr) 2 (OMc) 11 with the largest Ln 3+ ions (LaTi4 and Ce2Ti4) in which the coordination 
X-ray Crystallography:
Crystallographic data were collected with a Bruker AXS SMART APEX II four-circle diffractometer with κ geometry at 100 K by using Mo-K α (λ = 0.71073 Å) radiation. The data were corrected for polarization and Lorentzian effects, and an empirical absorption correction (SADABS) was employed. The cell dimensions were refined with all unique reflections. SAINT PLUS software (Bruker Analytical X-ray Instruments, 2007) was used to integrate the frames. The symmetries were then verified by using the PLATON program. [13] The structures were solved by charge flipping (JANA2006). Refinement was performed by the full-matrix least-squares method based on F 2 (SHELXL97 [13] ) with anisotropic thermal parameters for all non-hydrogen atoms. Hydrogen atoms bound to carbon atoms were inserted at calculated positions and refined by using a riding model. Hydrogen atoms bound to oxygen atoms were identified on the difference electron density map, and the O-H bond lengths were then fixed. Crystal data, data collection parameters and refinement details are listed in Tables 2, 3 and 4 . Although all structures of the Ln2Ti4 clusters could be refined to satisfying values despite the disorder described before, there was still some unresolved electron density. The highest residual electron density was observed close to a methacrylic acid. The distances of this peak to any of the atoms or other unresolved electron density maxima do not fit with any chemical entity. When the data were cut at lower degrees, the electron density of this maximum decreased. It was nevertheless observed in all X-ray experiments on the Ln2Ti4 clusters, although different crystals were investigated. Such a resid-ual electron density was not mentioned in the literature for the isostructural Y2Ti4. [5] Therefore, the cluster was prepared again with Y(OAc) 3 as precursor. The structure was re-determined, and no such electron density was observed. Hence the unresolved electron density in the Ln2Ti4 clusters is most probably a feature related to the Ln ions and not caused by some disorder or partial substitution of ligands. Two clusters of equal composition and structure crystallized in the unit cell of LnTi4. One of these clusters showed positional disorder. The crystal was therefore checked for twinning. The crystal was clearly triclinic, therefore only nonmerohedral twinning was possible. Examination of the diffraction pattern showed only separated and well-defined reflections. As was observed for both LaTi4 and CeTi4, this appears to be a feature of this structure. CCDC-1014141 (for Sm2Ti4), -1014142 (for Eu2Ti4), -1014143 (for Gd2Ti4), -1014144 (for Ho2Ti4), -1014145 (for La2Ti6), -1014146 (for Ce2Ti6), -1014147 (for Nd2Ti6), -1014148 (for Sm2Ti6), -1014149 (for LaTi4) and -1014150 (for CeTi4) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/ data_request/cif. General Synthetic Procedure: Ti(OiPr) 4 , the corresponding waterfree metal acetate and an excess of methacrylic acid were mixed. No solvent was added. The mixture was left to stand in a closed vessel until crystals had formed. 
